Chitravanshi VC, Kawabe K, Sapru HN. Mechanisms of cardiovascular actions of urocortins in the hypothalamic arcuate nucleus of the rat. Am J Physiol Heart Circ Physiol 305: H182-H191, 2013. First published May 17, 2103; doi:10.1152/ajpheart.00138.2013The presence of urocortins (UCNs) and corticotropin-releasing factor (CRF) receptors has been reported in the hypothalamic arcuate nucleus (ARCN). We have previously reported that UCNs are involved in central cardiovascular regulation. Based on this information, we hypothesized that the ARCN may be one of the sites where UCNs exert their central cardiovascular actions. Experiments were done in artificially ventilated, adult male Wistar rats anesthetized with urethane. Unilateral microinjections (30 nl) of UCN1 (0.12-2 mM) elicited decreases in mean arterial pressure (MAP) and heart rate (HR). Maximum cardiovascular responses were elicited by a 1 mM concentration of UCN1. Microinjections of UCN2 and UCN3 (1 mM each) into the ARCN elicited similar decreases in MAP and HR. UCN1 was used as a prototype for the other experiments described below. HR responses elicited by UCN1 were significantly attenuated by bilateral vagotomy. Prior microinjections of NBI-27914 (CRF-1 receptor antagonist) and astressin (CRF-1 receptor and CRF-2 receptor antagonist) (1 mM each) into the ARCN significantly attenuated the cardiovascular responses elicited by UCN1 microinjections at the same site. Microinjections of UCN1 into the ARCN decreased efferent renal sympathetic nerve activity. It was concluded that microinjections of UCN1, UCN2, and UCN3 into the ARCN elicited decreases in MAP and HR. Decreases in MAP, HR, and renal sympathetic nerve activity elicited by UCN1 microinjections into the ARCN were mediated via CRF receptors. Bradycardic responses to UCN1 were mediated via the activation of vagus nerves, and decreases in MAP may be mediated via decreases in sympathetic nerve activity. blood pressure; heart rate; microinjection; N-methyl-D-aspartic acid; sympathetic nerve activity CORTICOTROPIN-RELEASING FACTOR (CRF), also known as corticotropin-releasing hormone, is released in the hypothalamus in response to stress (52). CRF reaches the anterior pituitary via the hypophyseal portal system and releases adrenocorticotropic hormone into the circulation. Adrenocorticotropic hormone then elicits the secretion of cortisol from the adrenal cortex. Cortisol mobilizes protein and fat and promotes gluconeogenesis to make adjustments for stress-induced responses (21). Initial stress-induced responses also include increases in blood pressure (BP) and heart rate (HR) (13).
CORTICOTROPIN-RELEASING FACTOR (CRF), also known as corticotropin-releasing hormone, is released in the hypothalamus in response to stress (52) . CRF reaches the anterior pituitary via the hypophyseal portal system and releases adrenocorticotropic hormone into the circulation. Adrenocorticotropic hormone then elicits the secretion of cortisol from the adrenal cortex. Cortisol mobilizes protein and fat and promotes gluconeogenesis to make adjustments for stress-induced responses (21) . Initial stress-induced responses also include increases in blood pressure (BP) and heart rate (HR) (13) .
Urocortins (UCNs), which include UCN1, UCN2, and UCN3, are recent additions to the CRF peptide family. Intracerebroventricular or intravenous injections of UCN1 elicit decreases in water and food intake (42) and in BP and increases in anxiogenic behavior (35) . UCN2 (also known as stresscopin-related peptide) has been implicated in the central regulation of appetite and autonomic functions (47) . UCN3 (structurally closely related to stresscopin) plays a role in the regulation of feeding and the recovery phase of stress (25) .
There are two major subtypes of CRF receptors (CRFRs): CRF-1 and CRF-2 (1, 13, 18) . These plasma membrane receptors have a seven-transmembrane domain, are coupled to G s protein, and stimulate adenylate cyclase activity. UCN1 mediates its actions via both CRF-1 and CRF-2 receptors (CRF1Rs and CRF2Rs, respectively), whereas UCN2 and UCN3 mediate their actions primarily via CRF2Rs (14, 18, 19, 28, 47) .
UCNs have been implicated in the central regulation of cardiovascular function (9, 11, 17, 31, 38, 39) . Microinjections of UCNs into different brain areas elicit diverse cardiovascular responses. In the medial nucleus tractus solitarius (mNTS), microinjections of UCNs elicit decreases in mean arterial pressure (MAP) and HR (38, 39, 58) , and similar microinjections into the nucleus ambiguus (nAmb) elicit bradycardia (9, 10) . In the hypothalamic paraventricular nucleus (PVN), microinjections of UCN3 elicit pressor and tachycardic responses (31) . Information regarding the effects of UCNs in other brain areas is incomplete.
Recently, the ARCN has been implicated in the central regulation of cardiovascular function (49) . Stimulation of the ARCN in rats, by microinjections of N-methyl-D-aspartic acid (NMDA), elicits decreases as well as increases in BP and sympathetic nerve activity (SNA) (23, 24, 37) . The type of BP and SNA response (i.e., increase or decrease) elicited from the ARCN depends on the level of baroreceptor activity, which, in turn, is determined by the baseline BP (23) . In rats with normal baroreceptor activity at normal baseline BP, decreases in BP and SNA elicited by microinjections of NMDA into the ARCN are mediated via GABA A , neuropeptide Y 1 (NPY 1 ), and opiate receptors in the PVN (23) . The increases in BP and SNA elicited by microinjections of NMDA into the ARCN in rats with baseline BP lower than normal are mediated via spinal ionotropic glutamate (Glu) receptors (iGLURs) (37) . In barodenervated rats, microinjections of NMDA into the ARCN elicit increases in BP and SNA, which are mediated via iGLURs and melanocortin 3 and 4 receptors in the PVN (24) . Increases in HR elicited by microinjections of NMDA into the ARCN are mediated via the activation of sympathetic inputs as well as inhibition of parasympathetic inputs to the heart (37) . The ARCN has also been reported to be involved in the mediation of cardiovascular actions of some circulating hormones, like ANG II and ANG-(1-12) (2, 6, 46, 57) .
The presence of UCNs and CRFRs has been reported in the ARCN (15, 56) . UCNs regulate autonomic, endocrine, emotional, and behavioral responses to stress (26) . As mentioned above, UCNs are also involved in central cardiovascular regulation. Based on this information, we hypothesized that the ARCN may be one of the sites where UCNs exert their central cardiovascular actions. This hypothesis was tested in the present study by direct microinjections of UCNs into the ARCN.
METHODS
General procedures. Adult male Wistar rats (n ϭ 92, Charles River Laboratories, Wilmington, MA) weighing 300 -360 g were used in this study. They were housed under controlled conditions with a 12:12-h light-dark cycle. Food and water were available to the animals ad libitum. The experimental protocols, designed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Medicine and Dentistry of New Jersey.
Details of all the procedures used in the present study have been reported in our previous publications (2, 23, 24, 37) . Rats were initially anesthetized with isoflurane (2-3% in 100% oxygen) to cannulate the trachea and a femoral vein and a femoral artery. Urethane (1.2-1.4 g/kg) was then injected intravenously in eight to nine aliquots, and the administration of isoflurane was discontinued. The appropriate depth of anesthesia was indicated by the absence of an increase in BP and/or withdrawal of the limb in response to pinching of a hindpaw. Rats were artificially ventilated, and end-tidal CO 2 was maintained at 3.5-4.5%. Rectal temperature was continuously monitored and maintained at 37.0 Ϯ 0.5°C. BP and HR were recorded on computer hard drive using 1401 plus analog-to-digital converter and Spike 2 software (Cambridge Electronic Design, Cambridge, UK).
Microinjections into the ARCN. Rats were placed in a prone position in a stereotaxic instrument with a bite bar 18 mm below the interaural line. Multibarreled glass micropipettes (tip size: 20 -40 m) were used for microinjections. Micropipettes were placed at an angle (112°) pointing caudally with reference to the bregma. A hole (8 -10 mm in diameter) was drilled in the midline at the junction of the two parietal bones caudal to the bregma. Glass micropipettes were inserted into the brain tissue through this hole on either side of the midline. For microinjections into the ARCN, the coordinates were 1.72-4.36 mm caudal to the bregma, 0.2-1 mm lateral to the midline, and 8.8 -10.1 mm ventral to the dura. Microinjections of NMDA (10 mM) were used to identify the ARCN (37) . In this and other series of experiments, unless otherwise indicated, the duration of microinjections was 5-10 s, the volume of the microinjection was 30 nl, microinjections of artificial cerebrospinal fluid (aCSF; pH 7.4) were used as controls, and all microinjections were unilateral.
Microinjections into the nAmb. Microinjections into the nAmb were made using a dorsal approach (9, 10) . The coordinates for the nAmb were 0.12 caudal to 0.64 mm rostral with reference to the calamus scriptorius, 1.8 -2 mm lateral to the midline, and 2-2.4 mm deep from the dorsal surface of the medulla. The procedure for microinjections into the nAmb was similar to that described for microinjections into the ARCN except that L-Glu (5 mM) instead of NMDA was used to identify the nAmb sites eliciting bradycardia.
Microinjections into the NTS. The dorsal medulla was exposed, and microinjections were made into the mNTS using the following coordinates: 0.5-0.6 mm rostral and 0.5-0.8 mm lateral to the calamus scriptorius and 0.5-0.7 mm deep from the dorsal medullary surface. mNTS sites eliciting depressor and bradycardic responses were identified by microinjections of L-Glu (5 mM) (8) . The rest of the procedure was similar to that described for the ARCN.
Nerve recordings. The renal nerve was exposed using a retroperitoneal approach and sectioned at its entry into the kidney, and a few millimeter length of the distal end was desheathed. Renal SNA (RSNA) was recorded using standard techniques (11, 37, 46) . RSNA was inhibited by an increase in BP elicited by a bolus injection of L-phenylephrine (PE; 10 g/kg iv), indicating that this activity was barosensitive. At the end of the experiment, the renal nerve was sectioned rostrally, and the residual activity was considered to be the noise level, which was subtracted from the whole nerve activity to calculate the basal nerve activity. Changes in RSNA were expressed as percent changes from the basal nerve activity.
Histological verification of microinjection sites. At the end of the experiments, diluted (1: 50) green retrobeads (Lumafluor, Durham, NC) were microinjected (30 nl) into the ARCN to mark the microinjection site. In some of these rats (n ϭ 10), green retrobeads diluted (1: 50) with NMDA solution (10 mM) were microinjected to estimate if the diffusion of NMDA was within the boundaries of the ARCN. In each procedure, animals were then perfused and fixed with 2% paraformaldehyde. Serial sections of the medulla were cut (40 m), mounted on slides, covered with Citifluor Mountant media, and coverslipped. Microinjection sites were identified using a standard atlas (43) .
Drugs and chemicals. The following drugs and chemicals were used in this study: astressin (highly potent antagonist for CRF1Rs and CRF2Rs) (33) , D-(Ϫ)-2-amino-7-phosphonoheptanoic acid (D-AP7; NMDA receptor antagonist) (44), L-Glu monosodium, isoflurane, 5-chloro-N-(cyclopropylmethyl)-2-methyl-N-propyl-N=-(2,4,6-trichlorophenyl)-4,6-pyrimidinediamine hydrochloride (NBI-27914; specific CRF1R antagonist) (7), muscimol hydrobromide (GABA A receptor agonist), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) disodium salt (non-NMDA receptor antagonist) (36) , NMDA, PE hydrochloride, UCN1, UCN2, UCN3, and urethane. All of the solutions for the microinjections were freshly prepared in aCSF (pH 7.4). The concentrations mentioned for L-Glu, NBI-27914, muscimol, NBQX, and PE refer to their salts used in this study. Sources of the drugs were as follows: UCNs (American Peptide, Sunnyvale, CA), astressin, D-AP7, NBI-27914, and NBQX (R&D Systems, Minneapolis, MN), and isoflurane (Piramal Critical Care, Bethlehem, PA). All other drugs were purchased from Sigma-Aldrich (St. Louis, MO).
Statistical analyses. Maximum changes in MAP and HR are expressed as means Ϯ SE. One-way ANOVA followed by TukeyKramer's multiple-comparison test was used to evaluate the significance of maximum changes in MAP and HR in different groups of rats. All statistical analyses were done using a Student's paired t-test. The amplitude of integrated RSNA activity was averaged over a period of 30 s just before the microinjection of a substance into the ARCN or intravenous injection of PE. Changes in RSNA were expressed as percent changes from the basal value of this activity. Student's paired t-test was used to compare the mean values of the integrated nerve signals. Differences were considered significant at P Ͻ 0.05 in all cases.
RESULTS
Baseline values for MAP and HR in urethane-anesthetized rats were 99 Ϯ 4 mmHg and 414 Ϯ 14 beats/min, respectively (n ϭ 92).
Microinjections of UCN1 into the ARCN. In this and other series of experiments, the ARCN was always identified by microinjections of NMDA (10 mM Microinjections of UCN2 and UCN3 into the ARCN. The decreases in MAP elicited by microinjections of UCN2 and UCN3 (1 mM each) were 10 Ϯ 1 and 12 Ϯ 2 mmHg, respectively. The depressor responses elicited by UCN2 and UCN3 were not significantly different (P Ͼ 0.05) from the depressor responses elicited by UCN1 (15 Ϯ 2 mmHg). The decreases in HR elicited by microinjections of UCN2 and UCN3 (1 mM each) were 12 Ϯ 1 and 13 Ϯ 2 beats/min, respectively. Although the decreases in HR elicited by both UCN2 and UCN3 were smaller than that elicited by UCN1 (19 Ϯ 2 beats/min), only the difference between UCN1 and UCN2 reached statistical significance (P Ͻ 0.05). Because the responses elicited by UCN2 and UCN3 were qualitatively similar to those elicited by UCN1, detailed experiments on the mechanisms of action were carried out only for UCN1.
Site specificity of UCN1-induced responses. Microinjections of UCN1 (1 mM) into the ARCN elicited decreases in MAP (14 Ϯ 2 mmHg) and HR (19 Ϯ 3 beats/min, n ϭ 5). On the other hand, microinjections of the same concentration of UCN1 into the adjacent hypothalamic ventromedial nucleus (VMN) elicited increases in MAP (7 Ϯ 1 mmHg) and HR (14 Ϯ 2 beats/min). Both ARCN and VMN sites were previously identified by microinjections of NMDA (10 mM); microinjections of NMDA into the ARCN elicited decreases in MAP (19 Ϯ 5 mmHg) and increases in HR (43 Ϯ 7 beats/min), whereas similar microinjections into the VMN elicited increases in MAP (22 Ϯ 11 mmHg) and HR (39 Ϯ 9 beats/min).
Reproducibility of UCN1-induced responses. The decreases in MAP in response to three consecutive microinjections of UCN1 (1 mM) into the ARCN at 60-min intervals were 16 Ϯ 3, 18 Ϯ 3, and 14 Ϯ 3 mmHg, respectively, and the decreases in HR were 17 Ϯ 1, 16 Ϯ 1, and 19 Ϯ 2 beats/min, respectively (n ϭ 5). Repeated-measures ANOVA showed that these values were not statistically different (P Ͼ 0.05). Therefore, in all experiments, the interval between the microinjections of UCN1 was at least 60 min to avoid tachyphylaxis.
Effect of NBI-27914 on UCN1-induced responses.
Microinjections of UCN1 (1 mM) into an ARCN site (previously identified by microinjections of NMDA) elicited depressor and bradycardic responses (n ϭ 6). After an interval of 60 min, NBI-27914 (0.5 mM/30 nl, specific CRF1R antagonist) was microinjected at the same site. NBI-27914 by itself did not elicit any changes in BP and HR. Two minutes later, the decreases in MAP and HR elicited by microinjections of UCN1 (1 mM) at the same site were significantly (P Ͻ 0.05) attenuated (Table 1 ). In another group of rats (n ϭ 6), a higher concentration of NBI-27914 (1 mM/30 nl) elicited a more pronounced attenuation (P Ͻ 0.001) of UCN1-induced decreases in BP and HR (Table 1 ). The UCN1-induced decreases in MAP and HR did not recover to initial values within 60 min after the microinjection of NBI-27914 (1 mM) into the ARCN. Microinjections of NBI-27914 did not alter the decreases in MAP and increases in HR elicited by microinjections of NMDA into the ARCN. (1 mM) 12
Values are means Ϯ SE; n ϭ 6 animals/group, except nAmb group where n ϭ 9. UCN1, urocortin; MAP, mean arterial pressure; HR, heart rate; NBI-27914, 5-chloro-N-(cyclopropylmethyl)-2-methyl-N-propyl-N=-(2,4,6-trichloro-phenyl)-4,6-pyrimidinediamine hydrochloride [corticotropin-releasing factor (CRF)-1 receptor antagonist]; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione; D-AP7, D-(Ϫ)-2-amino-7-phosphonoheptanoic acid (ionotropic glutamate receptor antagonist); ARCN, hypothalamic arcuate nucleus; nAmb, nucleus ambiguus; mNTS, medial nucleus tractus solitarius. Astressin was used as a CRF-1 receptor and CRF-2 receptor antagonist, and muscimol was used as a GABAA receptor agonist (inhibits neurons). *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001; §P Ͻ 0.0001.
Effect of astressin on UCN1-induced responses.
In this group of rats (n ϭ 6), microinjections of UCN1 (1 mM) into the ARCN site elicited depressor and bradycardic responses. After an interval of 60 min, astressin (0.5 mM, CRF1R and CRF2R antagonist) was microinjected at the same site; astressin by itself did not elicit any changes in BP and HR. Two minutes later, the decreases in MAP and HR elicited by microinjections of UCN1 (1 mM) at the same site were significantly (P Ͻ 0.05-0.01) attenuated (Table 1 ). In another group of rats (n ϭ 6), a higher concentration of astressin (1 mM) elicited a more pronounced (P Ͻ 0.001) attenuation of UCN1-induced decreases in MAP and HR (Table 1 ). The UCN1-induced decreases in MAP and HR did not recover to initial values within 60 min after the microinjection of astressin (1 mM) into the ARCN. Microinjections of astressin did not alter the decreases in MAP and increases in HR elicited by microinjections of NMDA into the ARCN.
Effect of microinjections of UCN1 into the ARCN on renal nerve activity. A bolus injection of PE (10 g/kg iv) increased MAP, which, in turn, elicited reflex bradycardia and inhibition of efferent RSNA lasting for 26 Ϯ 4 s (n ϭ 5; Fig. 2A ). Ten minutes later, when RSNA recovered to baseline, a microinjection of NMDA (10 mM) into the ARCN elicited a decrease in RSNA (Fig. 2B) . After an interval of 20 min, microinjection of aCSF (30 nl) into the same ARCN site did not alter RSNA (Fig. 2C) . Five minutes later, microinjection of UCN1 (1 mM) into the ARCN elicited a decrease in efferent RSNA (Fig. 2D) . Sixty minutes later, astressin (1 mM) was microinjected into the ARCN; no changes in RSNA were elicited (Fig. 2E) . Two minutes later, UCN1 (1 mM) was again microinjected at the same site; the effect of UCN1-induced inhibition of RSNA was blocked (Fig. 2F) . Microinjection of NMDA (10 mM) continued to elicit decreases in efferent RSNA (not shown). Group data for this experiment are shown in Fig. 3 . All changes in RSNA were compared with basal nerve activity. Intravenous bolus injection of PE (10 g/kg) decreased RSNA significantly (69 Ϯ 3%, P Ͻ 0.05; Fig. 3A) . Microinjections of NMDA (10 mM) into the ARCN elicited a significant (P Ͻ 0.05) decrease in RSNA (20 Ϯ 2%; Fig. 3B ). At the same site, microinjection of aCSF did not elicit significant changes in RSNA (Fig. 3C) . Five minutes later, microinjections UCN1 (1 mM) into the ARCN elicited a significant (P Ͻ 0.05) decrease (14 Ϯ 1%) in RSNA (Fig. 3D) . Sixty minutes later, astressin (1 mM) was microinjected at the same site, and no significant changes in RSNA were elicited (Fig. 3E) . Two minutes later, the decrease in RSNA elicited by microinjection of UCN1 (1 mM) into the ARCN was significantly attenuated (1 Ϯ 1%, P Ͻ 0.05; Fig.  3F ) compared with the UCN1-induced decrease before the microinjection of astressin (Fig. 3D) . After microinjection of astressin, NMDA (10 mM) microinjected into the ARCN continued to elicit a decrease (17 Ϯ 1%) in RSNA (Fig. 3G) , which was not significantly different compared with the NMDA-induced decrease before the microinjection of astressin (P Ͼ 0.05; Fig. 3B) .
Effect of bilateral vagotomy on UCN1-induced responses.
Baseline values of MAP before and after vagotomy were 102 Ϯ 3 and 97 Ϯ 2 mmHg, respectively; there was no significant change (P Ͼ 0.05) in MAP after vagotomy. Baseline values for HR before and after vagotomy were 404 Ϯ 3 and 437 Ϯ 8 beats/min, respectively; there was a significant (P Ͻ 0.001) increase in baseline HR (33 Ϯ 7 beats/min) after vagotomy. Bilateral vagotomy did not alter the decreases in MAP elicited by microinjections of either NMDA (10 mM) or UCN1 (1 mM) into the ARCN (n ϭ 5). The decreases in MAP elicited by NMDA (10 mM) before and after vagotomy were 11 Ϯ 2 and 7 Ϯ 1 mmHg, respectively (P Ͼ 0.05; Fig. 4A ), and the decreases in MAP elicited by UCN1 (1 mM) before and after vagotomy were 12 Ϯ 2 and 10 Ϯ 1 mmHg, respectively (P Ͼ 0.05; Fig. 4B ). However, the increases in HR elicited by the same concentrations of NMDA in the ARCN and decreases in HR elicited by UCN1 in the ARCN were significantly reduced after vagotomy. The increases in HR elicited by NMDA (10 mM) before and after vagotomy were 36 Ϯ 7 and 11 Ϯ 1 beats/min, respectively (P Ͻ 0.01; Fig. 4C ), and the decreases in HR elicited by UCN1 (1 mM) before and after vagotomy were 25 Ϯ 2 and 5 Ϯ 1 beats/min, respectively (P Ͻ 0.001; Fig. 4D ).
Effect of inhibition of the nAmb on responses elicited by UCN1 in the ARCN.
In this group of rats (n ϭ 9), microinjections of UCN1 (1 mM) into the ARCN elicited decreases in MAP and HR (Table 1) . After an interval of 60 min, L-Glu (5 mM, 30 nl) was microinjected into the nAmb; a decrease in HR was elicited without any changes in MAP, indicating that the site was in the nAmb. Five minutes later, microinjections of aCSF into the nAmb elicited no cardiovascular responses. Two minutes later, muscimol (1 mM) was microinjected into the nAmb; an increase in baseline HR was elicited. Within 5 min, UCN1 (1 mM) was again microinjected into the ARCN; the decreases in HR elicited by microinjection of UCN1 (1 mM) into the ARCN were significantly attenuated (P Ͻ 0.0001; Table 1 ). On the other hand, the decreases in MAP elicited by microinjection of UCN1 (1 mM) into the ARCN were not significantly altered by microinjections of muscimol into the nAmb (Table 1) . UCN1-induced decreases in HR into the ARCN did not completely recover to initial values within 60 min of the microinjection of muscimol into the nAmb. Typical tracings of these results are shown in Fig. 5 .
Effect of blockade of iGLURs in the NTS on UCN1-induced responses in the ARCN.
Microinjection of UCN1 (1 mM) into the ARCN elicited decreases in MAP and HR (n ϭ 6; Table 1 ). Sixty minutes later, sequential microinjections of NBQX (2 mM) and D-AP7 (5 mM), delivered within 1 min, into the ipsilateral NTS elicited no significant changes on MAP and HR. Within 2 min of the microinjections of these iGLUR antagonists into the NTS, the decreases in MAP and HR elicited by microinjections of UCN1 into the ipsilateral ARCN were significantly (P Ͻ 0.05-0.01) attenuated (Table 1 ). The responses to UCN1 did not recover after a 60-min waiting period. 
Effect of microinjection of naloxone into the ARCN on UCN1-induced responses.
Microinjection of UCN1 (1 mM) into an ARCN site elicited decreases in MAP (20 Ϯ 3 mmHg) and HR (25 Ϯ 5 beats/min, n ϭ 6). After an interval of 60 min, microinjections of naloxone (10 mM) into the same site elicited no significant changes in MAP and HR. Within 2 min, the HR decreases (1 Ϯ 1 beats/min) elicited by microinjections of UCN1 (1 mM) at the same ARCN site were significantly attenuated (P Ͻ 0.001). Furthermore, after a delay of 2-3 min after the UCN1 microinjection, HR increased (16 Ϯ 5 beats/ min). The bradycardic responses elicited by microinjections of UCN1 into the ARCN before the microinjection of naloxone did not recur for at least 60 min after the naloxone microinjection. Although microinjections of naloxone into the ARCN attenuated the decreases in MAP elicited by microinjections of UCN1 into the ARCN, the difference did not reach statistical significance; UCN1-induced decreases in MAP before and after the microinjection of naloxone were 20 Ϯ 3 and 16 Ϯ 2 mmHg, respectively (P Ͼ 0.05).
Effect of barodenervation on UCN1-induced responses. Baseline values of MAP before and after barodenervation were 100 Ϯ 2 and 124 Ϯ 2 mmHg, respectively; there was a significant (P Ͻ 0.001) increase in baseline MAP (24 Ϯ 2 mmHg) after barodenervation. Baseline values of HR before and after barodenervation were 402 Ϯ 10 and 420 Ϯ 12 beats/min, respectively; there was a significant (P Ͻ 0.001) increase in baseline HR (18 Ϯ 2 beats/min) after barodenervation. In bilaterally barodenervated rats (n ϭ 7), microinjection of NMDA (10 mM) into the ARCN elicited increases in MAP (21 Ϯ 4 mmHg) and HR (26 Ϯ 6 beats/min). At the same site, microinjection of a maximally effective dose of UCN1 (1 mM) into the ARCN elicited increases in MAP (11 Ϯ 2 mmHg) and HR (14 Ϯ 2 beats/min), respectively.
Histology. A typical ARCN site marked by microinjection (30 nl) of diluted (1:50) green retrobeads containing NMDA (10 mM) is shown in Fig. 6A . Composite diagrams of marked ARCN sites that were located 3.48 -1.92 mm caudal to the bregma are shown in Fig. 6 , B-F (n ϭ 30; overlapping sites are not shown). Rats in which the diffusion sphere of the marker was not within the boundaries of the ARCN, as shown in a standard atlas (43), were not included in the study.
DISCUSSION
The main observations of this study were as follows: 1) microinjections of UCN1 into the ARCN elicited decreases in MAP, HR, and RSNA; 2) blockade of either CRF1Rs or both CRF1Rs and CRF2Rs in the ARCN attenuated cardiovascular responses to microinjections of UCN1 into the ARCN; 3) bilateral vagotomy attenuated the decreases in HR elicited by UCN1 into the ARCN; 4) inhibition of the nAmb by microinjections of muscimol attenuated the decreases in HR but not MAP elicited by microinjections of UCN1 into the ipsilateral ARCN; 5) blockade of iGLURs in the ipsilateral NTS attenuated the decreases in MAP and HR elicited by microinjections of UCN1 into the ipsilateral ARCN; 6) blockade of opiate receptors in the ARCN attenuated the decreases in HR elicited by microinjections of UCN1 at the same site, and HR was increased after a short delay; 7) in barodenervated rats, microinjections of UCN1 into the ARCN elicited increases (instead of decreases) in MAP and HR; and 8) microinjections of UCN2 and UCN3 into the ARCN also elicited decreases in MAP and HR.
All microinjections were made unilaterally because bilateral microinjections would require repeated withdrawal and insertion of the micropipette into the ARCN on two sides, which would cause undesirable tissue damage and the reliability of making injections at the same site would be reduced. Unilateral microinjections allowed us to keep the micropipette at the injection site for the duration of the experiment once the site of microinjection in the ARCN, NTS, or nAmb was identified. Moreover, the projections of the ARCN to cardiovascular regulatory brain regions, such as the PVN, NTS, caudal ventrolateral medullary depressor area (CVLM), rostral ventrolateral medullary pressor area (RVLM), and spinal intermediolateral cell column (IML), are predominantly ipsilateral (29, 30, 49) . There are no direct projections from the ARCN to the , and the bottom trace shows HR (in beats/min). A: microinjection of NMDA (10 mM) into the ARCN elicited decreases in PAP and MAP and increases in HR. After blood pressure (BP) and HR recovered to baseline levels, aCSF was microinjected into the ARCN, and no changes were observed (not shown). B: 20 min later, microinjection of UCN1 (1 mM) into the ARCN elicited decreases in PAP, MAP, and HR. C: 60 min later, the nAmb was identified with L-glutamate (L-Glu; 5 mM), and a decrease in HR was elicited with no changes in PAP and MAP. After the recovery of HR, aCSF was microinjected into the nAmb, and no changes were observed (not shown). Five minutes later, muscimol (1 mM) was microinjected into the nAmb, and an increase in HR was elicited (not shown): D: 5 min later, microinjection of UCN1 (1 mM) into the ARCN failed to elicit decreases in HR, whereas decreases in PAP and MAP persisted.
nAmb (12, 49) . Although direct projections from the ARCN to the NTS, CVLM, RVLM, and IML exist, these projections are sparse (49) . Cardiovascular responses elicited from the ARCN are primarily mediated via the ipsilateral PVN (23, 24) . Direct projections of the PVN to the NTS, nAmb, CVLM, RVLM, and IML exist and are predominantly ipsilateral (12, 22, 49) . This anatomic arrangement allowed us to microinject UCN1 into the ARCN on one side and study the alterations in the responses elicited from the ARCN by microinjections of antagonists for different receptors into the ipsilateral NTS or nAmb.
The possibility that the spread of UCN1 to the adjacent VMN may have contributed to the cardiovascular responses elicited from the ARCN was excluded because in the VMN microinjections of UCN1 elicited increases in MAP and HR, whereas similar microinjections into the ARCN elicited decreases in MAP and HR. Distortion of the brain tissue or any other nonspecific effects did not contribute to the observed cardiovascular responses because microinjections of aCSF into the ARCN did not elicit any cardiovascular responses. Consistent with our previous observations on the effects of UCNs in other brain areas such as the NTS and nAmb, UCN1 showed a bell-shaped concentration response (9, 10, 38, 39) . This type of concentration response can be explained by homotropic allostery, i.e., the agonist at higher concentrations binds to a modulator site, which affects the receptor function, resulting in attenuated responses (5).
Prior microinjections of specific CRF1R and nonselective CRF1R and CRF2R antagonists into the ARCN significantly attenuated UCN1-induced responses, confirming that these cardiovascular changes were mediated through both CRF1Rs and CRF2Rs. The interval between two microinjections of UCN1 was at least 60 min. At this time interval, no tachyphylaxis of cardiovascular responses to microinjections of UCN1 was observed.
The pathways that mediate cardiovascular responses elicited from the ARCN are complex because of the diversity of chemical phenotypes of ARCN neurons and multiple connections of the ARCN with other brain areas regulating BP and HR (50) . Based on a recent study (49) on the role of the ARCN in cardiovascular regulation, the mechanism of cardiovascular responses elicited by UCN1 microinjections into the ARCN can be speculated as described below.
The decreases in MAP, RSNA, and HR elicited by microinjections of UCN1 into the ARCN may involve the following pathways. Microinjections of UCN1 into the ARCN may excite neurons containing NPY, GABA, and opiates that project to the PVN (49, 50) . Stimulation of these neurons results in the release of inhibitory neurotransmitters (NPY, GABA, and opiates) in the PVN (Fig. 7A, pathway 1) . The activity of PVN glutamatergic neurons projecting to the IML directly (Fig. 7A,  pathway 2 ) or via the RVLM (Fig. 7A, pathways 3-4) is reduced, resulting in decreased activity of sympathetic preganglionic neurons (SPGNs) located in the IML (32). The reduc- tion in the activity of SPGNs causes decreases in BP, RSNA, and HR (Fig. 7A, pathways 5-7 ) (48) .
Decreases in MAP, RSNA, and HR elicited by microinjections of UCN1 into the ARCN may also involve the stimulation of ARCN neurons containing L-Glu and ␣-melanocyte-stimulating hormone (␣-MSH; Fig. 7B, pathway 8) (23, 24) . The release of L-Glu and/or ␣-MSH in the PVN may activate glutamatergic neuronal projections to the NTS (Fig. 7B , pathway 9) (22) . Stimulation of glutamatergic NTS neurons results in the activation of GABAergic neurons in the CVLM (Fig. 7B,  pathway 10) . The increase in the activity of GABAergic CVLM neurons causes the release of GABA in the RVLM, decreasing the activity of RVLM neurons (Fig. 7B, pathway  11 ) with consequent decreases in BP, RSNA, and HR via pathways 4 -7, as shown in Fig. 7B (48) .
Microinjections of UCN1 into the ARCN of barodenervated rats elicited increases in MAP and HR. Barodenervation increases the excitability of RVLM neurons due to removal of tonic inhibitory input from the CVLM. Activation of ARCN neurons containing L-Glu/␣-MSH by microinjections of UCN1 (Fig. 7C, pathway 8 ) results in increased activity of PVN glutamatergic neurons, which, in turn, causes increases in MAP and HR via the activation of SPGNs in the IML (Fig. 7C,  pathways 2-7) .
Bilateral vagotomy attenuated bradycardic responses elicited by microinjection of UCN1 into the ARCN. As described above, there are no direct projections from the ARCN to the nAmb (12, 49) . However, it is known that ARCN neurons project to the PVN, which projects to the NTS (22, 23, 24) . The NTS is known to project to the nAmb (34) . UCN1-induced activation of L-Glu/␣-MSH neurons in the ARCN may result in the stimulation of NTS neurons (Fig. 7D, pathways 8 and 9) . The neurotransmitter released in the NTS may be predominantly L-Glu because blockade of iGLURs in the NTS attenuated UCN1-induced bradycardia elicited from the ARCN. Increased activity of NTS neurons results in the stimulation of preganglionic vagal neurons in the nAmb (Fig. 7D, pathway  13) , and HR is decreased by increasing the vagal input to the heart (Fig. 7D, pathway 14) (48) .
The preganglionic vagal neurons innervating the heart are located predominantly in the subcompact formation surrounding the nAmb (34, 41, 51) . It was, therefore, hypothesized that activation of ARCN neurons by UCN1 may directly or indirectly excite nAmb neurons and elicit bradycardia via vagal activation. To test this hypothesis, the effect of inhibition of neurons in the nAmb on UCN1-induced HR responses was also studied. Microinjections of muscimol into the nAmb significantly attenuated bradycardic responses elicited by UCN1 into the ipsilateral ARCN. Our results confirmed that microinjections of UCN1 into the ARCN directly or indirectly activate nAmb neurons, resulting in vagally mediated bradycardia.
Prior microinjections of naloxone (a competitive antagonist at opiate receptors) into the ARCN attenuated the decreases in HR elicited by UCN1 in the ARCN. This observation can be explained as follows. The presence of opiate (␤-endorphin)-containing neurons has been reported in the ARCN (20, 27, 45) . CRFRs may be located on opiate-containing neurons in the ARCN. Binding of UCN1 to CRFRs on these neurons may release an opiate in the ARCN (Fig. 7A, pathway 12) . Opiate receptors may be located on L-Glu/␣-MSH neurons in the ARCN. Inhibition of these L-Glu/␣-MSH neurons results in a decrease in their input to glutamatergic PVN neurons (Fig. 7A,  pathway 8) . A decrease in the activity of PVN glutamatergic neurons results in decreased activity of projections from PVN neurons to SPGNs located in the IML (Fig. 7A, pathways 2-4) . The decrease in the activity of SPGNs in the IML causes a decrease in HR (Fig. 7A, pathways 5 and 7) . After microinjections of naloxone into the ARCN, UCN1 microinjections into the same nucleus elicited a delayed (within 2-3 min) increase in HR. This observation can be explained as follows. The opiate-induced decrease in the activity of L-Glu/␣-MSH neurons in the ARCN (Fig. 7D, pathway 8 ) results in decreased activity of PVN glutamatergic neurons projecting to the nAmb (Fig. 7D, pathways 9, 13, and 14) , causing an increase in HR.
Microinjections of NMDA into the ARCN always elicited an increase in HR, which was mediated via both activation of sympathetic inputs and inhibition of parasympathetic inputs to the heart (37). The neural pathways within the brain mediating the tachycardic effects of NMDA in the ARCN are not known.
Perspectives and significance. Microinjections of CRFR antagonists (astressin or NBI-27914) alone into the ARCN did not elicit any changes in BP and HR, indicating that CRFRs in the ARCN are not involved in the tonic regulation of BP and HR under normal physiological conditions. However, CRFRs and their endogenous ligands, UCNs, may be involved in the regulation of cardiovascular function during some pathological or pathophysiological situations. One such situation is longterm stress adaptation, in which UCNs have been reported to play a role (40) . Activation of CRFRs by UCNs results in a reduction of anxiety-like behavior and recovery from stress (53, 54, 55) . Based on this information, it may be hypothesized that in stressful situations, UCNs released in the ARCN may oppose the cardiovascular effects of stress. Stress has been reported to elevate BP and HR (4, 13, 16) . In this study, we demonstrated that UCNs microinjected into the ARCN elicit decreases in BP and HR. Thus, release of UCNs in the ARCN may be an endogenous mechanism by which cardiovascular effects of stress are ameliorated. In this context, it may be noted that the ARCN is one of brain sites involved in mediating stress responses (3) . The data presented in the present investigation provide a basis on which future studies on the role of UCNs in the regulation of cardiovascular functions during stress can be designed.
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